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SUMMARY

Olive anthracnose causes fruit rot leading to its drop or mummifi-

cation, resulting in yield losses and the degradation of oil quality.
Taxonomy and distribution: The disease is caused by

diverse species of Colletotrichum, mostly clustering in the

C. acutatum species complex. Colletotrichum nymphaeae and

C. godetiae are the prevalent species in the Northern Hemi-

sphere, whereas C. acutatum sensu stricto is the most frequent

species in the Southern Hemisphere, although it is recently and

quickly emerging in the Northern Hemisphere. The disease has

been reported from all continents, but it attains higher incidence

and severity in the west of the Mediterranean Basin, where it is

endemic in traditional orchards of susceptible cultivars.
Life cycle: The pathogens are able to survive on vegetative

organs. On the fruit surface, infections remain quiescent until

fruit maturity, when typical anthracnose symptoms develop.

Under severe epidemics, defoliation and death of branches can

also occur. Pathogen species differ in virulence, although this

depends on the cultivar.
Control: The selection of resistant cultivars depends strongly

on pathogen diversity and environmental conditions, posing

added difficulties to breeding efforts. Chemical disease control is

normally achieved with copper-based fungicides, although this

may be insufficient under highly favourable disease conditions

and causes concern because of the presence of fungicide resi-

dues in the oil. In areas in which the incidence is high, farmers

tend to anticipate harvest, with consequences in yield and oil

characteristics.
Challenges: Olive production systems, harvest and post-

harvest processing have experienced profound changes in recent

years, namely new training systems using specific cultivars, new

harvest and processing techniques and new organoleptic market

requests. Changes are also occurring in both the geographical

distribution of pathogen populations and the taxonomic frame-

work. In addition, stricter rules concerning pesticide use are likely

to have a strong impact on control strategies. A detailed knowl-

edge of pathogen diversity, population dynamics and host–

pathogen interactions is basal for the deployment of durable and

effective disease control strategies, whether based on resistance

breeding, agronomic practices or biological or chemical control.

Keywords: Colletotrichum acutatum, Olea europaea, olive

anthracnose, olive oil quality.

INTRODUCTION

Olive anthracnose, caused by Colletotrichum spp., affects olive

(Olea europaea L.) fruit at maturity. Symptoms are dark sunken

lesions, covered with orange spore masses (Fig. 1). Rotten fruits

either fall or mummify, resulting in important yield losses. Total

crop losses are not uncommon, particularly under specific agroe-

cological conditions, combining high humidity and rainfall during

the autumn, the widespread use of susceptible varieties and the

abundance of inoculum reservoirs (Talhinhas et al., 2011). If the

diseased fruits are harvested, the quality of the olive oil produced

is degraded (Moral et al., 2014). Defoliation and death of

branches can also occur in severe epidemics, causing polyetic

effects on the yield in subsequent years.

Olive anthracnose is a common disease in the Western

Mediterranean Basin, a situation illustrated by vernacular names

in Portugal (‘gafa’), Spain (‘aceituna jabonosa’) and Italy (‘lebbra’).

The disease was first described in scientific terms in 1899 in Portu-

gal (Almeida, 1899), but reports that can be clearly linked to olive

anthracnose symptoms have been known in southwestern Iberia

since the 11th century by the Arab agronomist B�u’l-Jayr (Moral

et al., 2014). In Portugal, anthracnose rivals olive fruit fly, Bactro-

cera oleae (Gmelin.), as the most important aerial disease and

pest of olives, respectively. The disease incidence in Portugal

ranges between 30% and 50% of orchards surveyed, with an

average severity of 14% (Talhinhas et al., 2011), whereas, in

Spain, the disease is responsible for an average 2.6% crop losses

country-wide (Trapero and Blanco, 2008). In Italy, the disease

seems to be more recent, as it has caused notorious epidemics

since the 1940s, receding in the 1970s until recent years, when it

has regained a foothold (Cacciola et al., 2012).*Correspondence: Email: ptalhinhas@isa.ulisboa.pt
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The disease has been reported from all continents (Fig. 2),

attaining high economic importance in several olive-producing

regions. The area devoted to olive cultivation has increased mark-

edly in recent years, together with an intensification in cultivation,

prompted by an increase in olive oil consumption. The ability to

predict the anthracnose risk in new olive-growing areas is com-

plex because of the multi-faceted relationships between hosts and

pathogens. Furthermore, as most Colletotrichum species are not

host specific, the movement of olive groves to other regions may

result in novel host–pathogen interactions, with local species

affecting new hosts.

EFFECT OF OLIVE ANTHRACNOSE ON OIL

Olive oil is the only vegetable fat that can be consumed in its

crude form (Ranalli et al., 2000) and is a key element of the

beneficiary effect on health recognized for the Mediterranean diet

(Moral et al., 2014). Top quality olive oil is highly prized, and

physico-chemical and sensorial requirements are clearly defined

by national and international authorities, including the Interna-

tional Olive Oil Council. Quality characteristics depend on agroe-

cological traits, including climate, soil, agronomic practices and

notably the cultivar and maturation stage, together with post-

harvest factors – transport and storage of fruits and oil extraction

and storage. Pre-harvest biotic stresses, including anthracnose

and fruit fly, affect fruit because of tissue disruption and necrosis.

Anthracnose causes sensorial defects, such as ‘soil’ and ‘mould’,

and chemical detrimental effects, such as an increase in free acid-

ity, the peroxide index and the content of aldehydes, a decrease

in oxidative stability and the content of polyphenols and

a-tocoferol, and changes to the alkyl ester composition. The fatty

acid composition, however, is not altered (Carvalho et al., 2008;

Fig. 1 Typical symptoms and signs of olive anthracnose on fruits at maturity (A), leading to fruit mummification (B) and, in severe epidemics, to defoliation (C).
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Iannotta et al., 1999; Mincione et al., 2004; Moral et al., 2014;

Runcio et al., 2008). Sensorial and chemical defects of olive oil are

usually complex and the isolation of single effects is difficult. In

addition to anthracnose, multiple biotic stresses can cause such

defects, namely the olive fruit fly or the fungi Camarosporium

dalmatica (Th€um.) Zachos & Tzav.-Klon., Venturia oleaginea

(Castagne) Rossman & Crous [5Spilocaea oleaginea (Castagne)

S. Hughes] and Pseudocercospora cladosporioides (Sacc.)

U. Braun. Studies on the detrimental effects of pests and diseases

often do not account for the specific effect of each biotic stress

(e.g. Bustan et al., 2014) and, even when focused only on anthrac-

nose, normally do not account for the identity of the pathogen.

AETIOLOGY AND TAXONOMY

The causal agent of olive anthracnose was first identified as

Gloeosporium olivarum Alm. (Almeida, 1899) and subsequently

transferred to Colletotrichum gloeosporioides (Penz.) Penz. &

Sacc. (von Arx, 1970) (Fig. 3). The latter species was then con-

sidered as a group species and, gradually, narrower species

were described in the vicinity of C. gloeosporioides. The advent

of molecular biology tools for identification and diagnostics,

based mostly in the rDNA-ITS region, further enabled such

discrimination. Colletotrichum acutatum J.H. Simmonds was

described in 1968, and it soon became a ‘popular species’ in

the genus, with a growing number of fungi assigned to it

(Baroncelli et al., 2017). Under this scenario, Mart�ın and

Garc�ıa-Figueres (1999) recognized two causal agents associated

with olive anthracnose: C. acutatum and C. gloeosporioides.

Genetic diversity was identified among olive anthracnose

pathogens assigned to C. acutatum (Talhinhas et al., 2005)

based on the rDNA-ITS region and b-tubulin 2 nucleotide

sequence analysis, and intraspecific groups (Sreenivasaprasad

and Talhinhas, 2005; Whitelaw-Weckert et al., 2007) were sub-

sequently and gradually raised to species rank (Damm et al.,

2012; Shivas and Tan, 2009). Currently, there are six species in

the C. acutatum species complex (Baroncelli et al., 2017) and

two in the C. gloeosporioides species complex (Mosca et al.,

2014; Schena et al., 2014; Weir et al., 2012) considered to be

causal agents of olive anthracnose (Table 1). In addition, fungi

from four species in the C. gloeosporioides species complex and

one in the C. boninense species complex have been isolated

from olive fruits exhibiting anthracnose symptoms (Mosca

et al., 2014; Schena et al., 2014), but their pathogenicity to

olive fruit has not been confirmed.

Fig. 2 Geographical distribution of olive anthracnose reports, denoting (when possible) the relative frequency of Colletotrichum species populations: Abkhasia

(Nagorny and Eristavi, 1929); Argentina (Brancher et al., 2008); Australia (Schena et al., 2014; Whitelaw-Weckert et al., 2007); Brazil (Duarte et al., 2010); China

(Margarita et al., 1986); Egypt (Embaby, 2014); France (Bompeix et al., 1988); Greece (Iliadi et al., 2018; Sarejanni, 1939); India (Mugnai et al., 1993); Iran (Sanei

and Razavi, 2011, 2012); India (Sharma and Kaul, 1990); Italy (Agosteo et al., 2002; Ciccarone, 1950; Mosca et al., 2014); Japan (Hemmi and Kurata, 1935);

Montenegro (Vučinić et al., 1999); Morocco (Achbani et al., 2013); Portugal (Talhinhas et al., 2009, 2011, 2015); South Africa (Gorter, 1956); Spain (Mart�ın and

Garc�ıa-Figueres, 1999); Tunisia (Chattaoui et al., 2016; Rhouma et al., 2010); Uruguay (Acosta, 1932); USA (Pontis and Hansen, 1942).

The olive anthracnose pathogens, Colletotrichum spp. 1799

VC 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018) 19 (8 ) , 1797–1807



There are currently 13 Colletotrichum species associated with

olive anthracnose, many of which were identified as the result of

a single study (Schena et al., 2014). It is therefore foreseeable

that further species may be identified to be associated with olive

anthracnose, either representing opportunistic or truly pathogenic

interactions. Such an amalgam of distinct fungi may be a cradle

for the evolution of new pathogens of global or regional rele-

vance, as witnessed in the recent speciation process of

Fig. 3 Historical perspective of the nomenclature of the olive anthracnose pathogens (Almeida, 1899; von Arx, 1970; Damm et al., 2012; Faedda et al., 2011;

Gorter, 1962; Mart�ın and Garc�ıa-Figueres, 1999; Schena et al., 2014; Shivas and Tan, 2009; Talhinhas et al., 2005; Whitelaw-Weckert et al., 2007). Groups A2–A9

(Talhinhas et al., 2005; Whitelaw-Weckert et al., 2007) were subsequently and gradually assigned to species (Damm et al., 2012; Shivas and Tan, 2009). For a while

(e.g. see Moral and Trapero, 2012), olive anthracnose pathogens belonging to the Colletotrichum acutatum species complex were assigned to C. simmondsii

(comprising A2 and A9, i.e. C. nymphaeae and C. simmondsii), to C. fioriniae (A3) or to C. acutatum (comprising A4, A5 and A6, i.e. C. godetiae, C. acutatum sensu

stricto and C. rhombiforme). Asterisks denote subgroups identified by Talhinhas et al. (2009).

Table 1 Fungal species in the genus Colletotrichum associated with olive anthracnose

Species complex Species Distribution References

Pathogenicity confirmed
C. acutatum* C. acutatum J.H. Simmonds sensu stricto (A5) Australia, Brazil, Greece,

Italy, Portugal, South Africa,
Tunisia

Gorter (1956); Talhinhas et al. (2005);
Sergeeva et al. (2008); Duarte et al.
(2010); Mosca et al. (2014); Chat-
taoui et al. (2016); Iliadi et al.
(2018)

C. fioriniae (Marcelino & Gouli) Pennycook (A3) Portugal Talhinhas et al. (2005)
C. godetiae Neerg. (A4) Greece, Italy, Montenegro,

Portugal, Spain
Talhinhas et al. (2005); Faedda et al.

(2011)
C. nymphaeae (Pass.) Aa (A2) Portugal, Spain Mart�ın and Garc�ıa-Figueres (1999); Tal-

hinhas et al. (2005)
C. rhombiforme Damm, P.F. Cannon & Crous (A6) Portugal Talhinhas et al. (2005)
C. simmondsii R.G. Shivas & Y.P. Tan (A9) Australia Whitelaw-Weckert et al. (2007)

C. gloeosporioides C. gloeosporioides (Penz.) Penz. & Sacc. sensu stricto Portugal, Spain, Italy, Tunisia,
China

Mart�ın and Garc�ıa-Figueres (1999); Tal-
hinhas et al. (2005); Rhouma et al.
(2010); Schena et al. (2014)

C. theobromicola Delacr. Australia Schena et al. (2014)
Pathogenicity not confirmed
C. boninense C. karstii Y.L. Yang, Zuo Y. Liu, K.D. Hyde & L. Cai Italy Schena et al. (2014)
C. gloeosporioides C. aenigma B.S. Weir & P.R. Johnston Italy Schena et al. (2014)

C. kahawae ssp. ciggaro B. Weir & P.R. Johnst. Italy Schena et al. (2014)
C. queenslandicum B. Weir & P.R. Johnst. Montenegro Schena et al. (2014)
C. siamense Prihastuti, L. Cai & K.D. Hyde Australia Schena et al. (2014)

*In the Colletotrichum acutatum species complex, species names are followed by the corresponding group name according to Sreenivasaprasad and Talhinhas

(2005) and subsequent additions (Whitelaw-Weckert et al., 2007).
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C. kahawae J.M. Waller & Bridge, leading to the acquisition of the

capacity to infect green coffee fruits from within a group of seem-

ingly opportunistic fungi (Silva et al., 2012). In addition, Talhinhas

et al. (2009) recognized three genetic groups within

C. nymphaeae (Pass.) Aa (A2; groups named A2-1, A2-2 and A2–

3), two within C. godetiae Neerg. [A4; groups named A4-1 and

A4-2, which could correspond to the two vegetative compatibility

groups reported by Agosteo et al. (1997)] and two within

C. gloeosporioides sensu stricto (s.s.) (CG-1 and CG-2). No intra-

specific diversity was found among C. acutatum s.s. populations

either in Portugal or Tunisia (Chattaoui et al., 2016; Talhinhas

et al., 2009), which may suggest a more recent introduction of

this pathogen in the region. All of these seven entities are patho-

genic to olives (Talhinhas et al., 2009, 2011, 2015), meaning that

there are at least 12 genetically distinct fungal populations caus-

ing olive anthracnose. Considering that criteria for species delimi-

tation, namely in Colletotrichum, are undergoing active

adjustments (Marin-Felix et al., 2017), it is possible that, in the

future, the species delimitation threshold in Colletotrichum will

descend to the point of recognition of these entities as species. A

total of 17 species may thus be associated with olive anthracnose.

Ascertaining the relative importance of these populations, both in

terms of virulence and of prevalence, is therefore fundamental to

devise better informed disease control strategies, including olive

breeding programmes.

Colletotrichum godetiae is the prevalent species in most coun-

tries in the Mediterranean Basin, whereas C. nymphaeae seems to

be restricted to the southwest of the Iberian Peninsula (Fig. 2).

Colletotrichum gloeosporioides s.s. occurs in several countries,

although always presenting lower frequency than other species.

Colletotrichum acutatum s.s. is the prevalent olive anthracnose

pathogen in the Southern Hemisphere. This is inferred in the case

of South African isolates because of the carmine colour of colonies

described by Gorter (1956). Nevertheless, C. acutatum s.s. is

emerging in several countries in the Mediterranean Basin. In

Greece, C. acutatum s.s. was recorded for the first time in 2015

associated with fruit rots and flower and leaf necroses (Iliadi

et al., 2018). In Tunisia, in a study involving 43 isolates collected

in 2011, Chattaoui et al. (2016) assigned 41 isolates to

C. acutatum s.s., whereas, in a sampling performed only 3 years

before, Rhouma et al. (2010) reported olive anthracnose in Tunisia

caused by a pathogen not exhibiting the typical carmine colony

colour of C. acutatum s.s. Similarly, C. acutatum s.s. was not

reported from Italy associated with olives until a 2012 sampling in

Reggio Calabria. There, this pathogen rapidly went from unde-

tected to very frequent, a particularly surprising situation as

anthracnose is endemic in this area (Mosca et al., 2014), suggest-

ing a rapid and strong change in the pathogen populations.

Indeed, Faedda et al. (2011) reported the presence of C. acutatum

s.s. in potted oleander (Nerium oleander L.) plants in 2001 in

Sicily. Similarly, a metabarcoding study conducted in 2014 in

Rizziconi (Calabria) on the fungal microbiota associated with the

olive fruit fly enabled the detection of C. acutatum s.s. and

C. gloeosporioides s.s., but not C. godetiae (Malacrin�o et al.,

2017). Colletotrichum acutatum s.s. is also commonly associated

with anthracnose symptoms in oleander in Portugal (A. P. Ramos,

personal communication, Instituto Superior de Agronomia, Univer-

sidade de Lisboa; Lisbon, Portugal), although, in olive, it is

restricted to the southernmost region of this country, the Algarve

(Talhinhas et al., 2005, 2009, 2011). This fungus also seems to be

emerging as a causal agent of almond anthracnose in Andalucia

(Spain), but not in olive (L�opez-Moral et al., 2017). Colletotrichum

theobromicola Delacr., recently detected in Australia associated

with olive anthracnose (Schena et al., 2014), could be an emer-

gent olive pathogen in this country, where C. acutatum s.s. appa-

rently was the dominant pathogen.

Additional species, such as C. fioriniae (Marcelino & Gouli)

Pennycook and C. rhombiforme Damm, P.F. Cannon & Crous, are

uncommon, and seem to be geographically confined. Colletotri-

chum fioriniae has been identified in different years and locations

in Portugal, but very sporadically, although it is frequent on

diverse perennial fruit crops in different parts of the world (Sreeni-

vasaprasad and Talhinhas, 2005). Colletotrichum rhombiforme

has been isolated only once (isolate PT250) in Tr�as-os-Montes

(Portugal), and subsequent surveys in the same local and sur-

rounding areas in following years led to the identification of

C. godetiae and C. nymphaeae (Talhinhas et al., 2005, 2011). This

isolate (PT250), together with a genetically similar isolate

obtained from Vaccinium macrocarpon Aiton in the USA, gave rise

to the species C. rhombiforme (Damm et al., 2012), recently also

detected in China associated with apple bitter rot (Wu et al.,

2017). It is noteworthy that such an infrequent fungus (at least

according to the above-mentioned Portuguese surveys) is found in

different perennial plants in three distinct continents.

VIRULENCE

Although several species of Colletotrichum isolated from anthrac-

nose symptomatic olive trees could not be shown to be truly path-

ogenic to olives (Schena et al., 2014), at least eight species

(Table 1) have been confirmed to be pathogenic, but differ in their

virulence. In a study involving six Colletotrichum spp., Talhinhas

et al. (2015) showed that C. acutatum s.s. and C. nymphaeae are

more virulent, C. gloeosporioides s.s. and C. rhombiforme are less

virulent, and C. godetiae and C. fioriniae are intermediate. Results

obtained by Schena et al. (2014) also place C. acutatum s.s. as

the most virulent, C. gloeosporioides as the least and C. godetiae

in an intermediate position, together with C. simmondsii.

Recently, the employment of a quantitative detection approach

confirmed C. acutatum s.s. to be more virulent than C. godetiae in

Italy (Schena et al., 2017). Schena et al. (2014) have also shown

The olive anthracnose pathogens, Colletotrichum spp. 1801
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that C. theobromicola is as highly virulent as C. acutatum s.s., pre-

sumably resulting from the introduction of olive into new cropping

areas. However, comparisons among different studies may not

account for intraspecific variability or for differential responses by

the host cultivars, suggesting the need for a study of global

breadth.

EPIDEMIOLOGY AND LIFE CYCLE

Life styles of Colletotrichum spp. are highly variable, ranging from

endophytic to necrotrophic, and have been the subject of exten-

sive review (Peres et al., 2005; Perfect et al., 1999; de Silva et al.,

2017). In the first description of the pathogen, Almeida (1899)

pointed out some key aspects of the life cycle and epidemiology

of olive anthracnose. Knowledge on olive anthracnose epidemiol-

ogy and the life cycle has built up over the years and has been

frequently revised (Cacciola et al., 2012; Moral et al., 2009b;

Talhinhas et al., 2011) (Fig. 4). In recent years, research has con-

tributed to improve the knowledge on specific aspects of this

cycle, namely the provision of quantitative data to elucidate the

relative importance of each stage. Regional factors, such as agro-

nomical practices, preferred cultivars, climatic conditions and prev-

alent pathogen populations, are emerging as fine-tuning variables

that can contribute to detailed epidemiological models that can

be applied both on a regional scale by plant breeders and exten-

sionists, and on a farm scale to deploy short-term disease

management strategies.

In brief, in the absence of ripe fruits, Colletotrichum fungi are

able to survive on leaves and branches of olive and other plants

as resting conidia. On such non-target organs, the fungus is capa-

ble of epiphytic growth and sporulation (Fig. 4A–C; Talhinhas

et al., 2011). On leaves and branches, conidia (both of

Fig. 4 Disease cycle of olive anthracnose caused by Colletotrichum spp. (adapted from Talhinhas et al., 2011). Germination of Colletotrichum spp. conidia on olive

leaf surface [A, long germination tubes; B, C, secondary conidiation; D, formation of melanized appressoria (a)]. (E) Spore masses formed on the surface of olive

flower buds. Initial phases of olive fruit penetration [F, conidia germination and appressoria formation; G, internal light spots on melanized appressoria; H,

penetration peg (pp) formed from appressoria (a) penetrating the fruit cuticle (ct); I, enlargement of the penetration peg when reaching an epidermal cell].

Colonization of olive fruit, with penetration, invasion and necrosis of the mesocarp cells [J–L, multilobed hyphae (mlh) in the first invaded host cell, beneath the

penetration peg (pp)]. Proliferation of inter- and intracellular hyphae on mesocarp cells (M–P, arrows indicate examples). Production of acervuli, disruption of olive

fruit cuticle and release of conidia (Q–S).
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C. nymphaeae and C. gloeosporioides) germinate (although at

lower rates than on fruits) and produce long germ tubes (as

opposed to short germ tubes on fruits), frequently leading to sec-

ondary conidiation. Alternatively, appressoria are formed, but

without the formation of the internal light spot or host penetration

(Fig. 4D; Talhinhas et al., 2011). In fact, the length of the germ

tube and the readiness of appressorium formation also depend on

nutrients and other microorganisms present on the organ surface

(Agosteo et al., 2015). At bloom, flowers may be asymptomati-

cally infected from the early stages of flowering until fruit set.

Both C. acutatum sensu lato (s.l.) and C. gloeosporioides s.l. could

be present in the calyx, petals, stamens and pistil (Iliadi et al.,

2018; Sergeeva et al., 2008) and are capable of sporulation (Fig.

4E; Moral et al., 2009b; Talhinhas et al., 2011). If the flower is not

destroyed, the infection may become quiescent until fruit ripening,

although the impact of these infections on yield loss has not been

estimated (Moral et al., 2009b). In a study conducted on two

orchards during two growing seasons, Talhinhas et al. (2011)

have shown that leaves have higher inoculum levels than

branches and that inoculum decreases throughout the summer

more markedly on leaves than on branches, suggesting that

leaves can serve as short-term inoculum reservoirs and branches

as long-term ones. This study also indicates that disease severity

is more strongly correlated with the weather conditions in autumn

than in spring, suggesting that infections of flowers and young

fruits may not be relevant to explain the final disease outcome. To

this end, this suggests that the cultivation of olive in non-

Mediterranean climates, namely sub-tropical climates, may face

an added risk, as summer rains favour inoculum maintenance and

build-up.

On the fruit surface, conidia germinate and differentiate

appressoria (Fig. 4F). As opposed to leaves and branches, appres-

soria on unripe and ripe fruits present an internal light spot (Fig.

4G), which leads to the production of a penetration peg (7.5–

8.1 mm in length) into the fruit cuticle (either for C. nymphaeae or

C. gloeosporioides; Fig. 4H–I; Talhinhas et al., 2011). If the fruit is

unripe, the infection does not develop any further until ripening.

In ripe fruits, the fungus proceeds to differentiate a multi-lobed

primary hypha in the first invaded host cell, beneath the penetra-

tion peg, denoting a short biotrophic phase (Fig. 4J–L), followed

by an extended necrotrophic stage, leading to disease symptoms

and signs, namely necroses and the differentiation of acervuli (Fig.

4M–S; Talhinhas et al., 2011).

Lesions on diseased fruits thus generate profuse numbers of

conidia, capable of originating secondary infections. Under labora-

tory conditions, at high humidity and 20–25 8C, symptoms can be

reproduced 1–9 days after the inoculation of ripe fruits (Moral

and Trapero, 2012; Talhinhas et al., 2011). Under very favourable

conditions, particularly in mild autumns with frequent rain events

and prolonged high humidity periods, disease severity can

increase at a high rate. This severity increase rate, however, is

also strongly dependent on the olive cultivar (Talhinhas et al.,

2011, 2015) and presumably on the fungal species. The pathogen

has been reported to produce a phytotoxin, aspergillomarasmin B

(lycomarasmic acid) (Ballio et al., 1969), and a toxic substance

has also been implied in branch die-back and leaf senescence

(Moral et al., 2009a,). In addition, the fungus can reach the seed

through the vascular tissues, causing seed rot or damping-off of

plantlets obtained from infected seeds (Moral et al., 2009a).

Diseased fruits desiccate as a result of tissue rotting and mum-

mify. Mummies either remain on the tree or fall to the ground.

The epidemiological importance of mummies in the soil seems

low, as they are rapidly decomposed (Moral and Trapero, 2012;

Talhinhas et al., 2011; Zachos and Makris, 1963). Mummies on

the tree, however, are important inoculum reservoirs, as they are

capable of releasing conidia at constant rates over at least

6 months (Moral and Trapero, 2012; Sergeeva, 2014). Neverthe-

less, mummies rarely remain on the tree for long. Moral and Tra-

pero (2012) estimated that, on average, only one mummy per tree

would remain on the canopy until next autumn, suggesting plant

vegetative organs as the major inoculum reservoirs.

The optimal temperature for C. nymphaeae and C. godetiae

conidial germination ranges between 20 and 25 8C (Moral et al.,

2012), although, under autumn Mediterranean conditions, such

values seldom occur concomitantly with rainfall and high humid-

ity. The high variability of olive anthracnose incidence and severity

can be related to the spatial and temporal variability in meteoro-

logical factors in the Mediterranean region, together with other

factors, as emphasized previously (e.g. Almeida, 1899). Host infec-

tion requires free water or relative humidity higher than 98% (dis-

ease severity increases with the wetness period up to 48 h), with

an optimal temperature of 17–20 8C, but infection can occur

between 5 and 30 8C, although latent periods increase (Moral

et al., 2012). Fruit cuticle wounds caused by pests, namely the

Mediterranean olive fly and the Queensland fruit fly, Bactrocera

tryoni (Froggatt), can serve as alternative pathways for pathogen

entry, thus contributing to a higher disease severity (Graniti et al.,

1993; Sergeeva and Spooner-Hart, 2010).

Canopy density also plays an important role in disease epide-

miology. Moral et al. (2012) reported higher severity in super-

high-density orchards (c. 2000 trees/ha) relative to high-density

orchards (200–800 trees/ha), although there were no differences

in total fruit infection (symptomatic plus latent infections). This

shows that inoculum reservoirs and spreading agents were equiv-

alent at both densities, but the lower wind/higher humidity condi-

tions of the super-high-density orchards favoured disease

progression and the development of symptoms.

With regard to nutrients, Xavi�er et al. (2014) showed that cal-

cium inhibits Colletotrichum sp. appressorial formation in vitro

and that fruits with less than 0.8 ppm of Ca21 were more
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susceptible, a situation that can be extrapolated to the calcium

content in soil. This led Moral et al. (2014) to speculate on a rela-

tionship between high anthracnose incidence and low soil pH

(associated with low calcium content in the soil) in some areas of

Portugal and southwest Spain.

Epidemiological studies carried out in the field and supporting

experiments conducted in the laboratory necessarily use the local

pathogen populations and, indeed, it is commonly accepted that

the pathogen populations causing epidemics in various olive-

growing countries are particularly adapted to both the host and

the environment (Cacciola et al., 2012). Nevertheless, the rapidly

evolving taxonomic framework of Colletotrichum spp. infecting

olives, together with the pathogen population shifts recently wit-

nessed, hampers the comparison of epidemiological studies con-

ducted in different times and countries.

HOST RESISTANCE AND PLANT–PATHOGEN
INTERACTIONS

The perennial nature of the crop and the genetic and geographical

diversity of the pathogen render the comparison of olive anthrac-

nose resistance studies conducted in different locations difficult.

The normalization of procedures and the identification of stand-

ards are therefore of the utmost importance.

Moral and Trapero (2009) developed a 0–10 severity scale

that reflects the percentage of affected fruits following a logistic

curve [y 5 100
113 72xð Þ, where y is the percentage of affected fruit and

x is a scale value]. The scale value of unity is considered to be the

detection limit of visual assessments in the field (one affected fruit

from 2500 observed fruits per tree], whereas 50% affected fruits

correspond to a scale value of 7. As olives are small fruits, symp-

toms frequently evolve rapidly covering the entire fruit. Therefore,

severity scales tend to reflect the percentage of affected fruits in a

tree rather than the magnitude or extent of the lesion in a given

fruit (Moral and Trapero, 2009; Talhinhas et al., 2015).

There are c. 2500 recognized olive cultivars worldwide

(Caballero et al., 2006). The establishment of the Olive World

Germplasm Bank in C�ordoba (Spain) has enabled direct compari-

son of cultivars, contributing to the solution of homonymy and

synonymy problems. It is a valuable source of germplasm which

may help in the current expansion projects of the crop to other

regions (Moral et al., 2017). It also enables the performance of

olive anthracnose resistance screening experiments. For instance,

Moral and Trapero (2009) tested 21 cultivars, classifying ‘Blan-

queta’, ‘Empeltre’, ‘Frantoio’, ‘Koroneiki’, ‘Leccino’, ‘Morona-D’,

‘Picual’ and ‘Razzola’ as resistant. Based on the same collection,

Moral et al. (2017) analysed 308 cultivars from 21 countries, 21%

of which were classified as highly susceptible, 27% as susceptible,

21% as moderately susceptible, 20% as resistant and 10% as

highly resistant. These authors selected cultivars as representative

of each resistance class: ‘Ocal’, highly susceptible; ‘Lech�ın de

Sevilla’, susceptible; ‘Arbequina’, moderately susceptible; ‘Picual’,

resistant; ‘Frantoio’, highly resistant. This selection prompts the

use of these references in studies conducted in other regions, ena-

bling better comparisons amongst studies.

In their study, Moral et al. (2017) evaluated disease severity at

identical maturation stages across all cultivars. Although this

approach enables a more accurate comparative rating of cultivars,

it introduces an important bias because of the variability in mete-

orological conditions, as not all cultivars reach maturation at the

same time. In a study involving eight cultivars, Talhinhas et al.

(2015) employed fruits collected at a given date, and therefore at

distinct maturation stages, enabling the comparison of susceptibil-

ity at typical harvest times. Avoidance of the meteorological bias

brings in the maturation bias. This illustrates one of the difficulties

of this type of study.

Although the centralization of germplasm evaluation in a single

location has obvious advantages, field experiments are necessarily

conducted with the local pathogen populations. The variability of

olive anthracnose pathogens calls for regional/local studies, reflect-

ing the prevalent local (and emergent) populations. In Italy, culti-

vars ‘Frantoio’ and ‘Santomauro’ are considered to be resistant

(Cacciola et al., 2012), whereas, in Greece, ‘Koroneiki’ is also

known as resistant (Cacciola et al., 2012; Xavi�er, 2015). It is worth

noting the recent outbreak of anthracnose in Greece, caused by

C. acutatum s.s., which attained 50% severity on both ‘Kalamon’

fruits and ‘Koroneiki’ flowers. In Portugal, ‘Azeiteira’, ‘Blanqueta de

Elvas’, ‘Carrasquenha’ and ‘Negrinha de Freixo’ are listed as resist-

ant (Talhinhas et al., 2015; Xavi�er, 2015). In most cases, however,

field evaluation studies do not provide an accurate identification of

the pathogen present, or otherwise its identity is blurred by the

recent taxonomic volatility. Talhinhas et al. (2015) illustrated the

occurrence of interaction between host cultivars and pathogen spe-

cies, reinforcing the need to accurately identify local pathogen spe-

cies and to conduct screening tests accordingly. A breeding

programme conducted in Spain by the University of C�ordoba has

enabled the identification of two resistant cultivars, which, how-

ever, are not more resistant than their resistant parental ‘Frantoio’

(Moral et al., 2006). In Portugal, the highly susceptible, but highly

appreciated and widely cultivated, ‘Galega Vulgar’, long recognized

as a heterogeneous population, but with some unifying traits,

encompasses important levels of genetic diversity (Gemas et al.,

2002), among which higher levels of resistance are expected to be

found. Oleaster (wild olive) is generally regarded as resistant (Moral

et al., 2014), although its potential as a resistance donor to breed-

ing programmes has not been exploited, presumably because of

the difficulties arising from long breeding cycles.

DISEASE CONTROL

The control of olive anthracnose is achieved through a combina-

tion of methods, from cultural practices to chemical or biological
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control. Concerning cultural practices, the selection of olive culti-

vars is of utmost relevance, as the susceptibility of cultivars to dis-

ease is very diverse (Cacciola et al., 2012; Moral et al., 2017) and

dependent on the pathogen species (Talhinhas et al., 2015). In

addition, appropriate cultivation techniques to maintain plant

health are advisable, through balanced fertilization, irrigation and

pruning (Moral et al., 2014; Sergeeva, 2011). Pruning can be

effective in disease management by reducing inoculum (e.g. dis-

eased twigs), by promoting unfavourable conditions to disease

progress (e.g. sunlight infiltration and aeration within the tree

canopy improves the drying of foliage and fruit surfaces) and by

facilitating chemical treatments (Sergeeva, 2011). Infected prun-

ing debris should be removed from the orchard or destroyed, as it

is a source of inoculum.

In areas with high anthracnose incidence, disease control is

mainly achieved by the employment of copper-based fungicides

and/or a tight selection of harvest dates balancing maturation (i.e.

potential oil and phenolic compound contents), meteorological

conditions (harvesting in advance of rainy/wet periods) and agro-

nomic constraints (e.g. immature fruits are difficult to harvest

mechanically). Copper-based fungicides are recommended to be

applied at the first autumnal rains, prior to the emergence of

symptoms, and sprays should be repeated depending on the culti-

var susceptibility, the maturity/harvest date and the frequency and

intensity of rainfall (Moral et al., 2014). Nonetheless, under highly

favourable conditions, such treatments may be ineffective because

the product is easily leached by rain and the opportunity to repeat

the treatments can be postponed for long periods if the autumnal

rains persist. Moreover, the use of copper may have long-term

consequences because of its accumulation in the soil and water.

The alternative use of organic fungicides allows adequate protec-

tion [as revised by Cacciola et al. (2012) and Moral et al. (2014)],

but these are either not authorized for use in olive trees in Euro-

pean countries or are less cost-effective.

In Australia, efforts to control olive anthracnose are directed

more to the protection of the flowering stage than the fruit ripen-

ing period (Sergeeva, 2011). Two sprays, one before flowering

and one in early fruit set, are recommended to protect trees

before rain events and disease development. In addition, Cacciola

et al. (2012) placed emphasis on spring sprays to prevent blossom

blight and early fruit infections and to reduce inoculum for fruit

infections in autumn. These treatments are also effective against

peacock spot caused by Fusicladium oleagineum (Cast.) Ritsch. &

Braun, another main aerial disease of olive trees. Even if these

treatments are performed with copper-based products, they have

no adverse effects on flowering and fruit set (Roca et al., 2007).

The anticipation of harvest time may be one of the most

important strategies to allow fruits to escape infection, as it is

known that the susceptibility of olive fruits increases with fruit

maturation. Studies have demonstrated that the total phenolic

content of the oil obtained from olives harvested earlier is higher,

and disease resistance is related to the constitutive phenolic con-

tent of fruits. This relationship has been stated for resistance to

C. godetiae in Spain (Moral et al., 2015), but not in Portugal, for

the highly and moderately susceptible cultivars ‘Galega Vulgar’

and ‘Cobrançosa’ (Gomes et al., 2012) against a C. acutatum s.l.

isolate. It is possible that this discrepancy is related to the differ-

ent characteristics of the cultivars (Moral et al., 2015), but may

also be the result of the different characteristics of the pathogens.

Regulatory restrictions on the use of pesticides, together with

public awareness concerning their impact on health and the envi-

ronment, are directing research to the development of more eco-

friendly disease control alternatives (Landum et al., 2016; Preto

et al., 2017). Recently, a safe and effective natural antifungal

preparation to control olive anthracnose was obtained from pome-

granate. The peel extract revealed a strong in vitro fungicidal

activity against C. acutatum s.s. and was very effective in both

preventative and curative trials with artificially inoculated fruit.

Depending on the concentration of the product, the incidence of

the disease was reduced by 77.6%, 57.0% and 51.8% through

two treatments performed 30 and 15 days before the expected

epidemic outbreak. In addition, induced resistance in treated olive

tissues was registered (Pangallo et al., 2017).

CONCLUSION AND FUTURE PROSPECTS

Modern molecular biology tools, including genomics, transcrip-

tomics and metabolomics, are still in a relatively early stage in

both Olea europaea and Colletotrichum spp. Anthracnose is not

an easy subject for molecular biologists working with this difficult

major crop, and olive is only one of a vast array of host plants of

Colletotrichum spp. Acute and/or deadly diseases, such as those

caused by Xylella fastidiosa Wells or Verticillium dahliae Kleb.,

easily call for more attention than a chronic disease such as

anthracnose. Moreover, the relatively long breeding cycle of olive

and the short time frame for in vivo anthracnose studies, limited

to the autumn, do not fit the typical life cycle of research projects.

Long-standing research programmes, with clearly defined objec-

tives, but sufficiently flexible to cope with changes that may occur

over time, are therefore needed to cope with olive anthracnose.

For example, C. acutatum s.s. is becoming a major olive anthrac-

nose pathogen in several Mediterranean countries, replacing the

less virulent C. godetiae. Breeding programmes must be planned

in order to cope with such pathogen population shifts. Another

example, more on the formal side but with practical implications,

is the fact that Colletotrichum taxonomy has experienced major

changes over the last 10–15 years. In part, these have helped to

improve our understanding of olive anthracnose pathogens, but it

is fair to say that research on the diversity of olive anthracnose

pathogens has also contributed to spark such recent taxonomic

changes, at least those in the C. acutatum species complex. Olive
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anthracnose research needs a stable taxonomic framework for its

causal agents, so that studies can be conducted in such a way

that they are informative to the international community.
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